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SIMILTTUDE RELATIONS FOR FREE-MODEL WIND-TUNNEL
STUDIES OF STORE-DROPPING PROBLEMS

By Carl A. Sandahl and Maxime A. Faget
SIMMARY

Two methods are presented for dynamicelly scaling store models for
wind-tunnel store-dropping studies. For each method the model and proto-
type Mach numbers are assumed to be necessarily equal and the Reynolds
number effects are assumed to be negligible. The light-model method gives
exact simulation of the store motions except that.the vertical displacements
are deficient. This deficiency is reduced as the vertical ejection veloc-
ity is increased or 1t _can be eliminated by accelerating the parent model
upwvard at the Ins store sgeparation. The heavy-model method, in
which the parent model is stationary, gives complete simulation of the
store motion except that the short-period longitudinal oscillation is too
poorly dsmped; this defect is of no serious consequence during the first
phase of a drop because the time during which the store is critically
close to the parent model is generally small compared with the periocd of

the longitudinal oselllation. The heavy-model method is 5eneralix recom-
mended for store-dropping studies; however, it is often impossible to

make the models sufficiently heavy and with the proper moment of inertia.
If such is the case, the light-model method is required.

A brief description of the method of conducting store-dropping tests
in the preflight Jjet of the Iangley Pilotless Aircraft Reseasrch Station
at Wallops Island, Va., is given.

INTRODUCTION

Investigators have, for some time, been using the free-model tech-
nique in wind tumnmels to study the motions of stores and missiles during
and following release from a parent alrplane. In this method, a model of
all or part of the parent airplane is placed in the tunnel test section
and the store or missile model is dropped or propelled into the airstream.

The unrestrained glggmic behavior of _the store or missile model In the
presence of the interference field s recorded by means of high-speed

photography.

—
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In making tests in the aforementioned mammer, it is necessary, of
course, to scale the models in a manner which will determine the relatlons
between the translational and rotational motions of the model and the
prototype. The general subject of scaling aerodynamic models for free-
flight testing has been thoroughly discussed in references 1 and 2. In
the present report, the scaling relations have been derived in a mamer
which permits an insight into the specific. problems of free-model drop
testing in wind tunnels. Some of the deficiencies of the test method
are noted and methods by which the initial conditions may be adjusted
to circumvent these deficlencies are presented. In addition, & brief
description of the free-flight drop-model technique as employed in the
preflight jet of the Langley Pilotless Alrcraft Research Station at
Wellops Island, Va., is given in the appendix.

SYMBOLS
X linear horizontal .displacement )
Cx serodynamic force coefficient in horizontal plane
7 - ratlo of specific heats
static pressure
M Mach number
S
Ka =— =
S L2
S reference ares
L characteristic length
N number of characteristlc lengths
d average model weight demnsity
g acceleration due to gravity )
Vv
Ky = ==
V' I?
Vv volume
L
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t time
z linear vertical displacement
c ZEMQES
K, = -2
Z KV
Cy aerodynamic force coefficient in vertical plsane
tx time required to move a specified number of characteristic
lengths in horizontal plane

6 piteh angle
Cq total aerodynsmic moment coefficlent
KR=%
k radius of gyration

Z u2
Ke=cegMKs

KyKgs

ViR
@3 bx angle of attack contributed by 2z at + =ty
u stream velocity
P period of oscillstion
Cm@ static pitching-moment derivative
t1/2 time to damp oscillation
W welght
q dynemic pressure

(C‘“e + cm,) total damping derivative
a, -

CL@ lift-curve slope
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T stream static temperature

Kax specified horizontal loed factor
Kag specified vertical losd factor
Subscripts:

0 condition at ty =

M model .

P prototype

Dots over quantities indicate derivatives with respect to time.
The coordinate system is illustrated in figure 1.

MODEL-SCALING EQUATIONS

General

In meking free-model tests, it 18 necessary to scale the model
dimensions, welght, and inertia in e manner which will determine the
relstions between the trensletional end the rotational motions of the
model and the prototype. The primary requirement is thet the trajectories
of the model and prototype be as nearly geometrically similar as posslble.
The method of analysis consists of writing expressions for the transla-
tional and rotational motions and for the period and damping of the short-
period longitudinal oscillation. Examinatlion of these equations indicates
those parameters required for the particuler simulation desired. Two
basic methods of simuletion are described; in each, it is assumed that the
model and prototype Mach numbers are equal and that Reynolds number effects
ere negligible. In the first method, the aerodynamicelly produced trans-
lational eccelerations vary inversely with the characteristic length; this
method i1s best sulted for dynamic stability studies and for store-dropping
studies where a large vertical ejection velocity is used. In the second
method, the aerodynemically produced accelerations are Independent of
characteristic length just as are the gravity-produced accelerations; “this
method is required for free-dropping store studies. The first and second
gimulation methods will be called the light-model method and the heavy-
model method, respectively, for the purposes of the present report.

The present method of analysis may eppear more tedious than the
classical dimensional analysis given, for exemple, in reference 3. Both
methods yield the seme dimensional relatlons between the model and the
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prototype. However, the present method shows how some of the deficiencies

inherent in the model tests may be circumvented by adjusting the initial
conditions.

Light-Model Method

The equations for linear motlons in the horizontal plane are

.

Cx % pMeKsL2g _ K&pg

T T @ (1)
},{=},{O+_1ga€%§t '(2)
x=}'cot+%§—i-t2 - (3)

vhere io is the horizontal velocity at + = O and Ky contains those
quantities which are assumed to be independent of I. The quantity

gfg is the ratlo of aerodynamic force to weight (load factor); if g

is constant, the load factor and, consequently, X are inversely propor- -
tional to L.

An expression for the time ty required to move a specified number

of characteristic lengths NL in the horlzontal plane 1s required. From
equation (3) with %5 = 0 and x = NL, the following is true:

ANLZ

% pe (%)

‘tx=

Therefore, +t, 1s proportional to L if is constant. Substituting

ty (from eq. (4)) for + in equations (2) and (3) shows that X, and
Xy (conditions when t = tx) are independent of and proportional to I,
respectively.

g
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The equations for linear motions in the vertical plene are

5 - <1+§L—23)g (5)
z=20+<1+§—gll)gt . (6)
z = zot + (1 + %E)%E Ga)

.

P
where g%— is the vertical load factor.

Substituting +tyx (from eq. (4)) for t in equations (6) and (7)
shows that 2z and 2z approach independence of and proportionslity to
L, respectively, only as the vertlcal load factor or éo becomes lerge.

Consequently, the vertical and horizontal motions do not scale identically
for the conditions so far established. The vertical launching veloclty
may, however, be adjusted so that the ratlo of vertical to horlzontal
displacement at a specified value of +ty will be equal for model and
prototype. Substituting ty (from eq. (4)) for t in equation (7) and

dividing by x =-NL ylelds

Kp o
(2) e, Ko (8)
o Ke O [KpeN

dL : 24

It is desired that this ratlo be equal for model and prototype when
t = ty as defined by equation (4). Writing equation (8) for model and

prototype gives

Zom = Zo,p + \/%(LP - Ly) (9)

where subscript M denotes model and subscript P dJdenotes prototype.
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This value of will make (;)t equal for model and proto-
b4

%0,M
Kyp
type. For a typical case vwhere 5 is such as to give a load factor

of 20 for & la--scale model with characteristic length equal to 0.5 foot

20
. . 32.2)(1
Zo,M = %0,p + ‘/(—(ET&T))‘(“’ - 0.5)

and N =1,
= éO,P + 12.1 ft/sec

Some prototype trajectories and model trajectories, adjusted in the
gbove manner, are compared in figure 2. The sgreement is improved as
2y 1is increased. It should be noted that adjusting éO,M in the afore-

mentioned msnner results In slightly different trajectories and time-
distance histories for model and prototype. Consequently, the inter-
ference field will affect the model and prototype differently. This
difference is believed to be negligible in most cases. ¢

The equations for the rotationel motions are

- 2

;.o BPEs  Kove (10)
R e T ,

é=éo+Tt (11)
aL
o g
6 = 8t + %o > 2 (12)
241

The rotational accelerations vary Inversely with L2 rather than
with L as was the case for the linear accelerations. Substituting ty

(from eq. (4)) for t+ in equation (12) gives
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. /2&N Kol
Therefore, O+x is independent of I provided that Iéo and % are

constant, The same substitution into equation (11) along with the condi-
tion that L6y = Constant glves o '

X
. _ Constant 0 [2pNg
Sx =TTt \/de (14)

Therefore, étx 1s inversely proportional to L.

Equation (13) establishes that 64y is independent of Lj; therefore,
the contribution of 04y to the angle of attack at t = ty 1s correct.
However, in model tests, z at t =ty 1is always too small because the
contribution due to gravity 1s too small, even when the condition for
20,M (eq. (9)) is imposed. Consequently, the contribution of 2 +to the
angle of attack at t = tx 1s too small. The angle of attack due to Z
at t = tx, ay ixs is aspproximated by the ratio of 2.y, +to the hori-
zontal velocity of the model relative to the alr. Writing this ratio by
means of equations (2) and (6) with the substitution of tx (from

eq. (4)) for t gives

. K2\ [ogani®

7 g
. 29 + (} + 3T ) KyP (25)
%z,tx * 5. fEEdPgN 5

Writing equation (15) for model and prototype conditions, subtracting,
and inserting the condition for iO,M (from eq. (9)) gives the following

for the error in the angle of attack at + = T,

D
. . _ o EKXP(IM - L?)
(92, 5y = (22, tx)p = Doex = o (16)
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As an example, using the same model values as for the example
following equation (9), and setting U egual to 2,000 feet per second
gives for equation (16)

(32.2) (1)
By 02 - 19

X 2000 - \/(2) (32.2) (L) (10)

-0.0061 radisn or -0.35°

If the condition =z = éo is used instead of equation (9), the error
0,M ,P

will be just twice as large as that given by equation (16). In model
tests where this method of simuletion is employed, the angle of attack
at t =1y 1s always too small by an amount given by equation (16).

Should particular condltions warrant, %,M could be increased by an
- amount equal to Aco,.

The period of the short-period longitudinel oscillation, P, is well

approximated by
2.2
| axy?xe°L
P = o vL KR

o % pszngL

(17)

i

(Constant )L

S1A)

The period is proportional to I provided that % is constant.

The time to damp the short-period oscillation may be written as

WU 0.693 5
gas s + Cpe (&
s+ a)EF

t1/2 =

K, 1P QM \[7T 0.693
. 2
& & WKL (O + Oy )(E)
2

(Constant) %\FiL (18)
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The time to deamp is proportional to L  provided that %, %, and T

are constant.

The conditions and results for the foregoing light-model simulation
are summarized in table I. —

The condition that % is constant results in the following equa-

tions for the model and prototype.

>
Wy = VWp %(%) (19)

dy = dP(?:;) (20)

Modified Light-Model Method

As pointed out earlier, the gravity component of the vertical accel-
eration is deficient in model tésts utilizing the light-model simulation.
Cne method of circumventing this problem is to accelerate the parent

model upward at-a value equal to CE& - l)g. A photograph of a test setup

utilizing this idea is shown in figure 5. The parent model is mounted so
as to have vertlcal freedom only; the acceleration in this case is produced
by a combination of wing lift and a pneumatic cylinder. With this arrange-
ment, the trajectory of the store relative to the parent model may be

mede to duplicate exactly the prototype trajectory. Equations (1) to (&)
and (10) to (20) epply without modification; equations (5) to (9) are
inconsequential because the trajectories are correct without adjusting
2g,M- The modified light-model simulation is summarized in teble I.

Heavy-Model Method

In this method, the aerodynamically produced accelerations are forced
to be independent of I. The equations of linear horizontal motlons are

Ig{ps cKE (21)

f
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X = X + gt (22)
X * Kax

where the value of Kéx is the value of the horizontal load factor which
is held constant during scaling.

From equation (21)

= _K};xi (2k)

At

In this method P s proportional to L. The substitution for

da
from equation (24) will now be made for the equations in the previous

sections of this report.

ol

Solving equation (23) with X5 =0 and x = NL gives
2N,
ty = |57/ (25)
From equetions (22) and (23), X, and x;, are proportional to JTE

and L, respectively, provided that xo = 0,

The equations for vertical linear motions are

7 = (1+'Id<-1£)g=(l+Kaz)g (26)
2 =5y + (l.+ Ké%)gt (e7)
z = 2ot + %(1 + Kaz) gte (28)

where the value of Kéx is the value of the vertical load factor which
is held constant during scaling.



12 NACA TN 3907

Comparison of equations (21) to (23) with equations (26) to (28)
shows that the vertical and horlzontal motions scale identically provided
that io = 20 = 0. Consequently, the trajectories, normalized with respect

to L, will be identical. However, for the case where ﬁo =0 and
20 #£ 0, this is not true and it will be necessary to adjust ZO,M to

make (%)t equal for model and prototype. Substituting +t, (eq. (25))
X

into equation (28) and dividing by x =NL gives

2 . 1+ K,
%), = 20 \/K,;gm;+ -xf (29)

Writing this equation for model and prototype, equating, and solving

for ZO M &lves
T
. _ s M
Zo,M = ZO,P‘/E;: (30)

In the heavy-model simulation, £ is less than Zy pi whereas,
2

o,M
in the light-model simulation, the reverse is true. An example of the
heavy-model simulation is gilven in figure k.

Placing the restriction of equation (30) on equations (27) and (28)
and substituting t, for +t shows that £., is proportional to L
and Zi. is proportional to L.

The equations for rotational motlons are obtalned by substituting
for g from equation (24) in equations (10), (11), and (12).

B = ==X (31)

8 =8g + £ (32)
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KX &
8 eot+l Sax- 42 (33)

KL

Substituting %, (from eq. (25)) for t gives

. N
Ogx = 80\ /25 * E%— (54)

Therefore, 64, 1s independent of L provided that \]iéo is constant.
With the substitution for +t and the condition that ﬁéo = Constant,

equation (32) gives
. - Constant Ko [FEE 55)
tx \IE Ky L

Since 6B¢x 1is independent of 1, its contribution to atx 1s
correct; however, because th is proportional to ﬁ., the contribution
of Zyy 1o oy 1s too small. Following the development for equa-
tion (15) and using equatioms (22), (25), asnd (27) gives

. 2NL
zg + (1 + Kaz)g a—

@ tx = “exf (36)

Writing for model and prototype snd including condition for étx
(from eq. (30)), gives

Doy = (a'%,tx)M = (O‘"z,'bx)P

oul - JB)- mu)F(M o)

(37)
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If the condition éo M= %O P is used instead of equation (30), the N
2 2 ' —
correction is given by equation (37) except that io M<l - /ITM?-) = Q, «
b

Substituting some typical values glves

(20) (1 - \/2_0) + (1 + o.5),f-@152—2ﬁ)- (Jc;._- \/_1?))

Doy = 5000

-0.0452 redian or -2.6°

This error mey be apprecisble, and vhether it may be deslred

to adjust % M will depend on the perticular testing situation. The _
> =

error 1s lerger for the heavy-model simu;ation than for the light-model
simulation because étx is approximstely proportional to VFE for the -
former and approximately independent of I for the latter.

The period P obtained from equation (17) by imposing the condition
of equation (24) is

P = (Constant) /T (38)

The period is properly scaled.

The time to damp obtained from equation (18) and equetion (24) is

by /p = (Constent) JT (39)

The models will therefore be too lightly damped.

The heavy-model simulation is summarized in teble I. The condition

Kaxl:

that g' = —Kx— gives

e = (Hi)aﬁ’ﬂ Wp (51)
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CONCLUDING REMARKS

Two methods, the light model and the heavy model, have been presented
for dynamically scaling store models for wind-tumnel store-dropping
studies. In each, it is assumed that the model and prototype Mach numbers
are necessarily equal and that Reynolds number effects are negligible,

The light-model method gives exact simulation for =11 the motions except
that the gravity component of the vertical acceleration and, consequently,
the vertical displacement between the store model and the parent airplane
model is deficient. The effect of thls deficiency on the trajectory is
reduced as the vertical ejection velocity is increased. This deficiency
1s eliminated completely by a modification of the light-model method,
wherein the parent model 1s accelerated upward at a rate which offsets

the gravity deficiency. This modified light-model method provides complete
simulation of the store motion for any ejection velocity. Either of the
light-model simulation methods will simulste accurately the oscillatory
characteristics of the store. The basic light-model method may be used
vhen the ejection velocities are large; the modified method should be used
when the ejection velocity approaches zero.

The heavy-model method simulates exasctly the trajectory of the store
when the parent model is stationary; the need for accelerating the parent
model as In the modified light-model method is obviated. The heavy-model
method gives exact simulatlion of all the store motlions except that the
short-period longltudinal oscillation is too poorly damped; this defect
is inconsequential because the time during which the store model is
critically close to the perent-model is generally small compared with the
period of the longitudinal osclllation of the store. Thus, when simule-
tion may be achieved by the heavy-model method, it 1s recommended. Expe-
riente has shown, however, that it is often impossible to make the models
sufficiently heavy and with the proper moment of inertias to sebisfy the
heavy-model method, perticularly when simuleting high altitude drops in |
a sea-level feacility such as the preflight jet of the Iangley Pilotless
Adrcraft Research Station at Wallops Island, Va. Store construction
problems may, in fact, dictete the method of simulaetion.

Langley Aercnautical ILaboratory,
Netional Advisory Committee for Aeronautics,
langley Field, Va., October 3, 1956.
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APPENDIX
TEST METHOD USED IN THE PREFLIGHT JET

Test-Facility Characteristics

The tests in the test unit of the preflight jet of the ILangley
Pilotless Aircraft Research Station et Wallops Island, Va., sre made in
a free jet issuing from approximately 27-inch-square nozzles at subsonic
Mach numbers up to approximstely ©.95 and at supersonic Mach mmibers
of 1.4, 1. 6, 1.8, and 2.0. The static pressure of the jet is adjusted
to equal the static pressure of the ambient gtlll air and is therefore
approximately equal to 2,116 pounds per squere foot. The stagnation
temperature may be varied between 600° and 1,060° Rankine.

At supersonic speeds, the region upstream of the nozzle exit avail-
able for testing 1s contained within a wedge defined as follows: The
base is the nozzle exit, the slides are inclined at the appropriate Mach
angle, the vertex edge is vertical, and the ends are the flat top and
bottom walls of the nozzle. (The nozzles are two-dimensional. } The
reglon downstream of the nozzle exit avallable for testing is defined by
a pyramld the base of which is the nozzle exit and the sides of which are
inclined at the appropriate Mach angle. (See fig. 5.) Because the high-
speed photographs are teken from the side of the jet along a line at right
angles to the nozzle center line, only the reglon downstream of the
nozzle exit can be used to observe the dynamic beheavior of a model; the
those parts of the parent alrcraft required for proper similation of the
interference flow field.

Photogrephic Method

The high-speed photographe are mede by contimuously illuminating
the model and exposing the film through narrow radiel slits in a
rapldly rotating disk placed in front of a camera. Up to 1,000 exposures
per second may be taken. The result is a series of imsges of the model
taken at fixed time intervals superimposed on a single 8~ by 10-inch
photogreph. The test setup is shown in figure 35 a typical d&rop photo-
graph 1s shown in figure 6. :

ool
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L ! 1 1

Prototype
— — ~— Model

-6 ~ iy 1211 Fhsec
(z/L)
or P
(Z/L)M -8
0 iO,P =0 ft/sec
-2 z'o M=42.I ft/sec
-14
2OP =30 ft/sec
-16 | | [ ! 1

9 2 4 76 8
(x/L)P or(x/L)M

(a) Space trajectories.

Figure 2.~ Comparison of model and prototype trajectories for light-model
method. Curves calculated gssuming uniform flow field; iO,M adjusted

so that (z/x), = (2/x), when x/L = 1.0; K,p/d = 10; K,p/d = 5;
Ip = 10 feet; IM = 0.5 feet. :
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(b) Time histories.

Figure 2.- Concluded.
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Figure 3.- Typlcal free-drop setup in the preflight Jet.
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-10
'zo P =30 ft/sec

ZO,Mz 672 ft/sec
A2k
-4
-6 1 i | [
0 2 4 6 8

(X/L)P or (x/L)M

(a) Space trajectories.

Flgure k.- Comparison of model and prototype trajectories for heavy-model
method. Curves calculated assuming uniform flow field; K, = 1.0;

Koz = 0.5; Ip = 10 feet; Iy = 0.5 feet; curves are coincident for
values of 2y specified.
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ZQP =30 fi/sec

2O,M =672 fi/sec

- lq l | l ! | 1
2 3 4 5 S T

(T/JLT)P or(t/JE)M '

ol

(b) Time histories.

Figure 4.~ Concluded.
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Figure 5.- Region of preflight Jet avallable for drop test.
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similated bomb drop.

NACA - Lengley Field, Va.



